Salicylate has previously been shown to reduce the susceptibility of Mycobacterium tuberculosis to several drugs in vitro. In this study, aspirin, a salicylate anti-inflammatory, antagonized isoniazid treatment of murine pulmonary tuberculosis, whereas the nonsalicylate ibuprofen did not. These results may have implications on concurrent administration of anti-inflammatory and antituberculosis drugs.
Aspirin (acetylsalicylic acid) is in widespread use for the treatment and prevention of numerous medical conditions. Salicylate, the active metabolite of aspirin, has also been shown to induce multiple drug resistance in various bacterial species (5, 6) . Previously reported in vitro data demonstrated that exposure of Mycobacterium tuberculosis to salicylate increased resistance to isoniazid, streptomycin, rifampin, and ethambutol in an originally susceptible strain of H37Ra (7) . However, the mechanism underlying this effect in M. tuberculosis is not known. Transcriptional analysis of M. tuberculosis revealed that incubation with salicylate led to the upregulation of genes, including a 27-kDa methyltransferase and a flavin adenine dinucleotide-associated acyl-coenzyme A dehydrogenase involved in fatty acid oxidation (2) . Salicylate exposure downregulated a range of genes involved in transcription and translation, including 30S and 50S ribosomal subunits and rpoB (2), the ␤-subunit of RNA polymerase and target of rifampin. The antibiotic isoniazid acts, after conversion by KatG (8) , through inhibition of InhA, which is involved in mycolic acid synthesis (1) . From the transcriptional profile, salicylate appears to trigger a general decrease in metabolism in M. tuberculosis, causing phenotypic resistance to antibiotics such as isoniazid.
Although salicylate was shown in vitro to decrease susceptibility to several antituberculosis (anti-TB) drugs (7), the implications of this finding on the treatment of tuberculosis in vivo had yet to be examined. In this study, we investigated the effect of aspirin on isoniazid treatment of TB in a murine model. Ibuprofen, a nonsteroidal anti-inflammatory drug (NSAID) that is not a salicylate, was also included in the comparison.
A nonestablished aerosol infection mouse model was employed to evaluate daily administration of these anti-inflammatory drugs in TB therapy. Four-week-old BALB/c mice were infected by aerosol with M. tuberculosis H37Rv as previously described (4) and randomized to five mice per group. Treatments were initiated the day after aerosol exposure and were administered five times per week. The following dosages were dissolved in 0.2 ml sterile water and administered by oral gavage: aspirin (10, 20, and 40 mg/kg of body weight), ibuprofen (10, 20, and 40 mg/kg), and isoniazid (25 mg/kg) (compounds obtained from Sigma). Dosages of aspirin and ibuprofen were chosen for similarity to amounts used for treatment of humans for pain and rheumatoid arthritis and, in the case of aspirin, prevention of heart disease (3). Since isoniazid alone can clear a nonestablished aerosol infection in mice after a short course of therapy, the study was concluded after a month of treatment to detect antagonism by either NSAID. Mice were euthanized the day following the treatment completion. Enumerations of live bacteria from lungs and spleens of animals in each group were made by plating organ homogenates on 7H11 agar with ADC and PANTA supplementation (DIFCO) following incubation for 3 weeks at 37°C. After 1 month of infection, nontreated controls had 6.91 Ϯ 0.09 log 10 CFU in the lung and 4.54 Ϯ 0.22 log 10 CFU in the spleen.
First, the impact of aspirin or ibuprofen alone on the development of tuberculosis was evaluated. Aspirin or ibuprofen treatment had no effect on the number of viable bacilli in the lungs of these animals ( Fig. 1) . At doses of 10 to 40 mg/kg, ibuprofen had no significant effect on spleen bacterial counts after 1 month of treatment (data not shown). Animals that received aspirin in low doses (10 mg/kg) exhibited a small but significant decrease in spleen infection compared to controls (3.48 Ϯ 0.52 log 10 CFU; P ϭ 0.04), while no difference was detected with higher aspirin doses of 20 and 40 mg/kg (4.55 Ϯ 0.27 log 10 CFU and 4.38 Ϯ 0.15 log 10 CFU, respectively).
Coadministration of ibuprofen with isoniazid had no significant effect on CFU counts of bacteria in either organ (Fig. 1) . However, the combination of 20 mg/kg aspirin and 25 mg/kg isoniazid, compared to isoniazid alone, was associated with increased numbers of bacteria in the spleen and lungs (Fig. 1) . Isoniazid-only treatment resulted in complete clearance of M. tuberculosis from the lungs and spleen (with a lower limit of detection of 0.90 log 10 CFU). One mouse in the group coadministered aspirin and isoniazid had a spleen positive for infection (2.16 log 10 CFU), while the other mice in this group had no culturable bacteria in the spleen (Table 1) . Aspirin appeared to antagonize the action of isoniazid, since complete clearance of the infection was not seen in the groups receiving the aspirin and isoniazid in combination (Table 1) . While mice in the isoniazid-only group had culture-negative lungs, all mice in the aspirin-isoniazid group had lungs positive for M. tuberculosis (2.46 Ϯ 0.30 log 10 CFU). In addition, all mice in the ibuprofen-isoniazid group were negative for lung or spleen infection.
Our hypothesis, based on in vitro data regarding salicylate's effect on the transcriptional profile and drug susceptibility of the bacilli, was that aspirin would inhibit the bactericidal activity of isoniazid. Alternatively, aspirin or ibuprofen may impact the course of infection in vivo through their immunomodulatory effects on the host.
This study is the first to show the effect of salicylate on reducing the effect of antibiotic treatment of tuberculosis despite the observation of a similar phenomenon 20 years ago in Escherichia coli (6) . In this study, aspirin appeared to antagonize isoniazid in vivo, whereas ibuprofen has no detrimental interaction with isoniazid during the therapy. To avoid antagonism with antibiotic therapy, ibuprofen may replace aspirin for the TB patient in instances in which the use of an NSAID is indicated. But before a conclusion can be made about the scenario in humans, further investigation is necessary. The effect of salicylate or aspirin on treatment with other TB drugs, in long-term therapy of established infection, and on the immune response to TB infection should be examined to elucidate the clinical significance of these findings. 
